Holographic optical coherence imaging is a full-frame variant of coherence-domain imaging. An optoelectronic semiconductor holographic film functions as a coherence filter placed before a conventional digital video camera that passes coherent ͑structure-bearing͒ light to the camera during holographic readout while preferentially rejecting scattered light. The data are acquired as a succession of en face images at increasing depth inside the sample in a fly-through acquisition. The samples of living tissue were rat osteogenic sarcoma multicellular tumor spheroids that were grown from a single osteoblast cell line in a bioreactor. Tumor spheroids are nearly spherical and have radial symmetry, presenting a simple geometry for analysis. The tumors investigated ranged in diameter from several hundred micrometers to over 1 mm. Holographic features from the tumors were observed in reflection to depths of 500 -600 m with a total tissue path length of approximately 14 mean free paths. The volumetric data from the tumor spheroids reveal heterogeneous structure, presumably caused by necrosis and microcalcifications characteristic of some human avascular tumors.
Coherence-Domain Imaging and En Face Data Formats
Coherence-domain imaging is performed with several acquisition formats that use short-coherence interferometry to image inside scattering media. [1] [2] [3] [4] [5] [6] [7] The most common format is based on optical coherencedomain reflectometry 8 with a rapid-scan delay line that uses heterodyne detection to demodulate the coherent interference and differentiate it from the scattered background. This generates the so-called A scan that produces an optical echo gram as a function of depth. When the A scan is combined with lateral scanning along a single dimension, it generates the B scan that converts reflectometry data into a section as a function of depth and one lateral space dimension. The B scan is the most common data format for coherence-domain image visualization. A stack of B scans produces a data volume with voxels that can be rendered in three dimensions for enhanced visualization approaches. Any subset can be extracted from the data volume, including the en face format that gives a two-dimensional image at a fixed depth and is also known as the C scan.
En face images also can be generated directly by use of a fixed delay and by means of rapidly scanning in two lateral directions. The fixed delay requires a different demodulation approach, such as heterodyne detection with a frequency-shifted reference. When combined with on-chip smart-pixel technology with parallel data acquisition, this can generate video-rate movies. 9 The smart-pixel arrays currently operate at 58 ϫ 58 pixels. 10 A direct en face imaging approach with much higher pixel density uses direct acquisition into a CCD camera. 11 By acquisition of several successive images at a fixed delay but with different reference phases, the coherent part of the image can be differentiated from the diffuse scattered background. This generates images with pixel numbers over a million. The phase modulation and acquisition can also be fast enough to approach video rates. The technical drawbacks of this approach are the need for interferometric stability during the time to acquire a single image set and the limited dynamic range in current CCD cameras that limits the detection sensitivity.
Spatial interference in holograms presents an alternative en face method to demodulate the coherent interference between the signal and the reference beams. Holography has long been recognized as a technique for imaging through inhomogeneous media, for example, with phase-conjugate holography. 12, 13 Techniques for making transmission holograms through fog were proposed that relied on the incoherence of scattered light. 14, 15 Holography with laser pulses that gate the first-arriving light through scattering media was proposed early 16 and was later refined for biomedical applications. 17, 18 This early research relied for the most part on static holograms that needed to be exposed and developed and then illuminated with a reconstruction laser, all of which removed any possibility of probing into scattering media in real time. This set the stage for the development of holographic optical coherence imaging ͑OCI͒ that relies on dynamic holographic media that are constantly updating. Photorefractive materials are particularly attractive as dynamic holographic coherence gates because they are not saturated by the incoherent background the way that holographic film or CCDs are. The photorefractive effect also supports dynamic holography with refresh rates easily compatible with video frame rates and is capable of much higher rates. 19, 20 Holographic OCI was initially developed with bulk photorefractive crystals and volume holograms. 21 However, the implementation with volume holograms made readout difficult because of the need to match the Bragg diffraction angle. In addition, the updating rates for the crystals were relatively slow. These initial problems were removed when the photorefractive crystals were replaced with photorefractive semiconductor devices. 22 Photorefractive quantum wells ͑PRQWs͒ are semiconductor optoelectronic devices [23] [24] [25] that use semiconductor growth processes to produce semiconductor structures that have enhanced optical properties based on quantum localization of electrons in very thin layers ͑7.5 nm͒. The enhanced optical properties make these devices candidates for many adaptive interferometric and imaging applications. 22,26 -29 Holographic OCI in PRQW devices was first demonstrated with video-rate image acquisition, 30, 31 with later-increases in acquisition speed up to 470 frames͞ s 20 for an acquisition time of only 2 ms, which would make it possible to image fast changes in metabolic processes. The imaging depth range for OCI is currently approximately 15 mean free paths in double pass. 31 The axial ͑longitudinal͒ resolution of OCI has achieved 14 m with short-coherence sources, 32 and the lateral resolution is typically 10 m, 33 although this is a function of the optics and the magnification. Resolution down to 1 m in a highmagnification configuration should be possible.
The first holograms of light reflected from within living tissue were demonstrated by holographic OCI applied to multicellular tumor spheroids. 34 The data were recorded in so-called fly-throughs, in which a succession of en face images were acquired at successive depths from within the spheroids. When the fly-throughs were halted at a specified depth, called a punctuated fly-through, quantitative information related to cellular and subcellular motility could be extracted from the statistics of the speckle holograms. 35 This has important consequences for potential intraoperative applications of holographic OCI for the assaying of biologically significant areas of tissue at low magnification and for extraction of subcellular motility information from within the tissue.
In this paper we present a complete technical description of holographic OCI applied to image living tissue. The samples are rat osteogenic sarcoma tumor spheroids that are grown from a single osteoblast cell line in a bioreactor. The spheroids are nearly spherical and have radial symmetry, presenting a simple geometry for analysis. They are characterized by an outer shell of healthy cells in close contact with nutrients and oxygen in the growth medium, a thin inner shell of apoptotic cells undergoing programmed cell death, and an inner core of necrotic tissue with microcalcifications and necrotic voids filled with extracellular debris. The tumors range in diameter from several hundred micrometers to over a millimeter.
The technical details of OCI as they relate to this tumor imaging application are described in Section 2, including image acquisition and filtering to remove artifacts from dust and imperfections on the current generation of holographic film, plus procedures for next-generation film fabrication that will remove most of these defects. The details of the tumor growth and structure are presented in Section 3. In section 4 we present the holographic fly-through data sets of several tumors, including three-dimensional visualization of the tumors and statistical analysis of the observed holographic features.
Holographic Optical Coherence Imaging Experimental Setup
Holographic OCI shares much in common with optical coherence tomography ͑OCT͒. Both are coherence-domain imaging techniques that use short-coherence light sources to define depth and longitudinal resolution. Both seek to differentiate coherent backscatter from diffuse backscatter by use of coherent interference with a reference wave followed by demodulation. In OCT, the preferred mode is temporal heterodyne detection at a single point with signal filtering to perform demodulation. In OCI, the interferometric detection mode is spatial heterodyne across a full field of view with holographic readout ͑diffraction͒ performing the role of demodulation.
A. Holography as Spatial Heterodyne
The coherence gating function of holographic OCI is shown schematically in Fig. 1 . The image field, containing spatially and temporally coherent light as well as diffuse light, is incident on the dynamic holographic film at one angle, and a plane reference field is incident from a different angle. The finite crossing angle between the image field and the reference field produces interference fringes at the film with a fringe spacing of
where is the half-angle between the beams and is the wavelength. Only the coherent part of the image field produces the interference whereas the diffusely scattered light presents a random speckle that is typically outside the coherence length and hence produces no persistent fringes. The periodic fringes modulate the optical properties of the photorefractive film through the gradient of the intensity, 24 making the film partially insensitive to high background. ͑The incoherent background still presents an erasure mechanism, but does not saturate the dynamic range of the film as it would for films that respond to intensity rather than gradient in intensity.͒ The periodic modulation in the optical properties of the film in turn behaves as a diffraction grating that diffracts the reference field in the direction of a CCD camera, where it is imaged onto the CCD plane. In principle, only the coherent image-bearing part of the image field produces the hologram and is read out by the reference field. Because none of the diffusely scattered light from the image field reaches the camera, this is a so-called background-free mixing geometry. In practice, the image field contains speckle that does have spatial intensity gradients that can write holograms and diffract light. However, the spatial bandwidth of this background disperses the diffracted light and limits the amount of background captured by the reconstruction optics. Furthermore, this background speckle can be time averaged at the camera by use of a vibrating mirror with a frequency slower than the holographic film, but faster than the frame rate of the camera.
The preceding description of holographic recording and readout can also be phrased from the point of view of spatial heterodyne and demodulation. The image field presents a spectrum of spatial frequencies, and the interference fringes present a spatial carrier frequency that is modulated by the image spectrum. This is shown schematically in Fig. 2͑a͒ , for the case of image speckle alone and in the presence of the reference wave. The Fourier transform of Fig. 2͑a͒ is shown in Fig. 2͑b͒ compared with an incoherent background speckle that is chosen to be 100 times stronger in intensity. The image field modulation of the spatial carrier frequency produces sidebands that can rise by many orders of magnitude above the background spectrum at that spatial frequency. In the example in Fig. 2 , there is an 8 orderof-magnitude discrimination between coherent image speckle and incoherent background at the carrier frequency. It is in this sense that holographic recording is background free. The process of demodulation is simply diffraction of the reference from the imagemodulated carrier into the imaging optics of the camera. There is a constraint that the spatial frequency of the carrier must be higher than the spatial bandwidth of the image. In practice, this requires that each coherent speckle from the signal wave contain at least three interference fringes. In practice, dust and other defects on the holographic film provide other more serious sources of background, but these can be removed by postacquisition filtering.
With this analogy, holographic OCI uses spatial heterodyne in much the same way that OCT uses temporal heterodyne. However, there is a fundamental difference between temporal and spatial mixing. In spatial heterodyne, many optical modes are interfering in parallel whereas in temporal heterodyne only a single optical mode is active at a time. The increase in parallelism from OCT to OCI can be as large as A͞ 2 , where A is the field of view of OCI and is the wavelength. For A ϭ 1 mm 2 , the gain in paralellism is 10 6 , which is roughly the pixel count on a CCD camera. In this sense, the spatial multiplexing of OCI provides an increase in voxel rate by at least 6 orders of magnitude, all other factors being the same ͑which is not true in practice͒. The film responds only to the gradient in intensity rather than to the intensity itself. This allows the weak holographic fringes to be recorded while the high-intensity diffuse light passes through. In the degenerate four-wave mixing geometry, the reference is also the readout, diffracting from the film into the camera. This approach is direct imaging with the hologram acting as a coherence filter that depth gates coherent backscattered light from the diffuse specimen.
B. Degenerate Four-Wave Mixing Optical Layout
The experimental setup for the degenerate mixing is shown in Fig. 3 . It uses a low-coherence light source in a modified Mach-Zehnder interferometer with an imaging-system in the sample arm and a delay stage in the reference arm, with a PRQW-device and a CCD camera. The low-coherence light source used in our OCI experiments is a diode-pumped Ti:sapphire laser ͑Clark MXRNJA-5͒ operating at a wavelength of 837 nm with a 120 fs pulse duration and a repetition rate of 100 MHz. The center wavelength and the bandwidth of the laser span the excitonic spectral bandwidth of the PRQW. Samples are positioned in the signal arm in a reflection geometry.
A mirror in the reference arm of the interferometer is vibrated at approximately 500 Hz by a piezoelectric stack. The purpose of this moving mirror is to eliminate pixel cross talk and stray speckle ͑nonimage speckle͒ in the en face images. This vibration has a sufficiently low frequency that allows the holographic film to track the induced fringe motion without diminishing the diffracted intensity, while the frequency is sufficiently high that the camera time averages over many cycles, averaging out the interpixel speckle. This feature of holographic OCI ͑dif-ferent response times between the holographic film and the camera͒ allows it to reject interpixel cross talk while retaining the full spatial coherences ͑and resulting speckle͒ arising from structure in the tissue. This presents one advantage of the holographic OCI relative to phase-shifted full-field optical coherence microscopy, 36 which does not differentiate between the two types of speckle.
The nonlinear mixing in the PRQW device is in a degenerate four-wave mixing configuration. In degenerate mixing, the readout beam is the reference beam ͑hence it has a frequency degenerate with the signal and reference waves͒, whereas in nondegenerate mixing ͑used by the Imperial College group͒ the readout beam is a separate beam that may have a different wavelength and come from a different light source. Both configurations image the first-order diffracted beam of the readout into a CCD camera.
The nondegenerate configuration has some advantages over the degenerate. First, use of a separate readout wavelength allows conventional filters to re- Fig. 2 . Simulation of holography as spatial heterodyne. ͑a͒ The image speckle from the diffuse object is spatially modulated through interference with the reference by a carrier wave with a spatial carrier frequency 1͞⌳. ͑b͒ The spatial spectrum of the image ͑dotted curve͒ and hologram ͑solid curve͒ shows the strong sidebands in the hologram that rejects the zero order by many orders of magnitude. DR, dynamic range. Fig. 3 . Holographic OCI experimental layout. ͑a͒ The general layout shows the illumination source and the modified MachZehnder interferometer in a degenerate four-wave mixing configuration. The sample is interrogated in reflection and the polarization is selected by the polarizing beam splitter ͑BS͒. A key element in the reference arm is the piezomirror that vibrates at a rate that is tracked by the holographic film, but not by the camera, thereby time averaging the parasitic cross talk ͑non-image-bearing͒ speckle. ͑b͒ Shows the details of the Fourier optics used to filter the optical images. The hologram is recorded in an image plane. ND, neutral density filter.
ject the background as well as incoherently scattered light of the reference off of imperfections in the holographic film. Second, it is possible to use any photon energy for the signal and reference that is above the bandgap of the semiconductor device ͑approximately 1.5 eV͒ to write the holographic gratings, allowing spectroscopic information to be extracted from the sample. The readout remains tuned to the resonant wavelength of the photorefractive device.
The degenerate configuration has different advantages. First, only a single light source is needed for both hologram writing and readout, simplifying the optical setup. Second, use of the reference as the readout prevents additional hologram erasure ͑that is experienced in the nondegenerate case because of the independent readout͒. In the degenerate configuration, higher reference intensities generate brighter holographic reconstructions, whereas in the nondegenerate configuration the reference must be matched to the signal intensity to prevent hologram erasure. In practice, this leads to a factor of 6-dB ͑in the CCD camera͒ higher hologram readout for the degenerate configuration and eliminates any need to adjust the reference power if the signal power is changing due to changes in the optical density of the specimen across the field of view. In our application, tumor spheroids present just such a variation in optical thickness because of their spherical shape. Our use of the degenerate configuration therefore helps us to record balanced images across a tumor section.
Because OCI is a full-frame parallel acquisition mode, the input laser needs to be distributed over large areas on the sample. This requires a higherpower laser in OCI to keep intensities comparable to conventional OCT at each pixel. The Ti:sapphire femtosecond laser provides sufficient power to acquire holograms of a highly scattering specimen. In addition, a telescope is used in the signal arm of the interferometer to decrease the diameter of the input laser beam by a factor of 3. The laser beam diameter on the sample is approximately 1.0 mm with a power of 200 mW. Two lenses are used to form a 4-F image system to project the image of the sample onto the holographic film. A spatial filter is located at the Fourier plane of the image system to reject part of the scattered light from the sample. The signal interferes with the reference at the PRQW when the optical path lengths between the signal and the reference are matched to within a coherence length of the laser by an adjustment of the translation stage in the reference. The interference fringes are imprinted onto the holographic film.
The active layer of the PRQW device is grown by molecular beam epitaxy, which consists of a multiple quantum-well layer composed of a 100 period 70-Å GaAs well and a 60-Å Al 0.2 Ga 0.8 As barrier on a semiinsulating GaAs substrate. After the growth, the layer is epoxied on glass and the substrate is removed by etching. An electric field ͑dc of 10 kV͞cm͒ is applied in the plane of the device. This configuration is called the transverse-field geometry that uses the Franz-Keldysh effect. The holograms are reconstructed by degenerate four-wave mixing in the PRQW. The first-order diffracted signal from the reference is imaged onto the surface of a cooled CCD camera ͑RTE͞CCD 1317, Princeton Instruments͒ with a 150-mm focal-length lens, and an aperture is used to cut off the zero orders. The acquisition time in these experiments is set to 100 ms for a field of view that covers 157 ϫ 185 pixels with a fivefold signal averaging to give a total time per acquired frame of 500 ms. The efficiency of the four-wave mixing is optimized by adjustment of the wavelength and bandwidth of the laser, the size and positions of the apertures, and the relative intensities between the signal and the reference.
The reference delay stage is controlled by a stepper motor that is scanned in fixed steps to allow the acquisition of image frames from successive depths in the samples. The details of the Fourier optics in the imaging arm of the interferometer are shown in Fig. 3͑b͒ . The image from the tumors is relayed to the PRQW device through four lenses with a demagnification of 3:1. A Fourier plane is available for spatial filtering through an aperture. This aperture controls the spatial coherence and speckle size at the quantum-well plane. For efficient hologram readout, there must be more than approximately three fringes per speckle.
C. Postacquisition Image Processing
Although holographic OCI is in principle background free, imperfections in the holographic film that arise during the numerous device fabrication stages scatter light from the hologram plane into the camera, producing a static background. This scatter tends to be highly localized ͑dust particles on the film or small air bubbles in the epoxy supporting the semiconductor film͒ and hence produces hot spots in the CCD image. The holograms between these hot spots are not affected and may be read out essentially background free. If a hot spot does occur within the field of view of a tumor spheroid, it can be filtered with postacquisition processing, unless the hot spot saturates the camera and causes data dropout. This dropout is minimized in practice when relatively clean portions of the film are selected to image through. This pragmatic approach is not ideal, but leads to successful acquisition of images from inside the tumor spheroids. In the future, commercially manufactured PRQWs will become available that would mostly eliminate this current limitation.
The static scatter from imperfections in the holographic film is suppressed in each frame by back-ground subtraction, followed by a high-pass Fourier filter along the z axis of the acquired data cube. The scatter is independent of the delay and therefore is present as a dc baseline shift in the hot pixels. The data are conditioned prior to background subtraction and Fourier filtering by means of logarithmically saturating the high background while the linear scaling of the holographic image is retained. The image is transformed according to
where y 0 is a scale factor, roughly three times the magnitude of the highest tissue hologram brightness. This transformation achieves logarithmic saturation of large pixel values, and the linear holograms are retained through the approximation ln͑1 ϩ x͒ Ϸ x to yield linear scaling for small x from the holograms of interest. The logarithmically conditioned holographic section near the top of a tumor is shown in Fig. 4͑a͒ after background subtraction. PostFourier-filtered images can be presented either as thresholded images on the in-phase ͑real͒ part of the filtered data or as the modulus of the filtered data, as shown in Fig. 4͑b͒ . These filtered images constitute the final data for the tumor spheroid.
Rat Osteogenic Sarcoma Tumor Spheroids
For instrument development and modification for the study of biological tissue, it is necessary to have a steady and abundant source of living tissue. It is feasible to use animals ͑i.e., rodents͒, but that would require killing numbers of animals, involve anesthesia during the imaging process, and complicate tissue collection. Fortunately, there is a wellcharacterized in vitro model that can be used to simulate multicellular tissues. [37] [38] [39] [40] [41] [42] Multicellular spheroids of normal cells or neoplastic cells ͑tumor spheroids͒ are balls of cells that can be easily cultured up to several millimeters in size in vitro. The spheroids can be used to simulate the optical properties of a variety of tissues such as the epidermis and various epithelial tissues and can be used to simulate the histological and metabolic features of small nodular tumors in the early avascular stages of growth. 42 As tumor spheroids are cultured, they undergo cell apoptosis and necrosis in their center in a manner similar to naturally occurring nodular tumors. 38 In addition, if certain tumor cell lines are used, the spheroids will develop microcalcifications that can bear similarities to those found in the human breast. To create tumor spheroids, rat osteogenic sarcoma UMR-106 cells were cultured in Dulbecco's modified Eagle's medium with 10% fetal calf serum, 100-u͞ml penicillin, 100-g͞ml streptomycin, and 1% L-glutamine in sterile 60-mm non-tissue-culture plastic dishes. The non-tissue-culture plastic causes the tumor cells to form the spheroids in 7-10 days, which are then transferred to a rotating bioreactor ͑Synthecon, Houston, Texas͒ where they are maintained in suspension for several weeks. The spheroids can be grown up to several millimeters in diameter and are thus large enough to simulate the thickness of different mammalian tissue ͑skin epidermis is 70 -120 m thick over most of the human body͒. An advantage of this continuous culture model is that fresh spheroids of varying size are easily prepared on a daily basis. Overall, the tumor spheroids provide a reasonable tissue model that does not require special handling of animal subjects.
Tumor spheroids are shown in Fig. 5 by various forms of conventional microscopy. A transmission low-magnification microscope image of a 700-mdiameter tumor is shown in Fig. 5͑a͒ . The tumor is highly spherical and translucent. Diffuse light can be seen around the edges in the transmission image, but little light passes through the full diameter. A low-resolution scanning electron microscope image of a different 700-m-diameter tumor spheroid is shown in Fig. 5͑b͒ . The tumor is roughly spherical with approximately 10-m-size cells on the surface. To image the interior structure by conventional microscopy, spheroids were fixed with 3% phosphatebuffered glutaraldehyde, postfixed with 1% phosphate-buffered osmium tetroxide and embedded in epoxy resin ͑Polybed 812, Polysciences, Warrington, Pennsylvania͒. Spheroids were serial thick sectioned ͑1 m͒ and stained with Toluidine blue for light microscopic examination. A medial optical section of a 900-m-diameter tumor spheroid is shown in Fig. 5͑c͒ , where individual cells at the perimeter are clearly visible. A shell of healthy cells approximately 100 m thick on the outside ͑in close proximity to nutrients and oxygen͒ encloses the necrotic core. A blow-up of an outer region is shown in Fig.  5͑d͒ showing the healthy shell in more detail and a portion of the necrotic region. Deeper inside the tumor are regions of cellular apoptosis and necrosis that become larger and more frequent toward the center of the spheroids.
Overall, the tumor spheroids exhibit a roughly radial symmetry, but are mostly homogeneous without strong structural features or distinct morphology changes that can be detected with histology. This has the disadvantage that correlative histology cannot be performed to connect features observed in the OCI data sets with features observed in the histology. The OCI data sets will exhibit generally featureless speckle images arising from the homogeneously distributed necroses inside the spheroid. On the other hand, the radial symmetry has the advantage that statistical trends, such as density of necroses as a function of radius, shared by the OCI data sets and the histology should correlate positively, as we show in Sub section 4.C.
Holographic Optical Coherence Imaging of Tumor Spheroids
We have acquired data on numerous tumor spheroids ranging in diameter from 300 m to over 1 mm. The principal data-acquisition mode is called a fast flythrough. This mode consists of a stack of frames, each from successively deeper inside the tumor. The interframe time is short ͑1500 ms in the current system͒ relative to the hologram temporal correlation times ͑several seconds͒ and thus is a succession of freeze frames of both persistent ͑structural͒ and variable ͑cell motility͒ features. This mode is used to provide fingerprint volumetric data sets of tumors. Consecutive fly-throughs of the same tumor followed by image cross correlation provide repeatability tests and preliminary measures of persistence versus variability. For presentation of the data, we extract selected X,Y ͑en face͒ and Y,Z ͑B-scan͒ sections from the data volume, as well as three-dimensional volumetric visualizations. A quantitative analysis of the tumor speckle structure is presented that shows a clear trend in the speckle brightness as a function of radius from the geometric center of the tumors with increasing brightness correlating with regions of greater necrosis observed histologically.
A. Tumor Sections and Volumetric Rendering
During imaging, the tumors are immersed in growth medium and rest on the bottom of a plastic Petri dish. The Petri dish is not optically flat and presents a speckled reflection that is used to find the zero path in the reference arm and used to accurately locate the bottom of the tumor spheroids. The data from a single tumor spheroid consist of a data volume composed of a stack of en face images. The coordinate system defining the voxel location uses X,Y for the en face image and Z for increasing depth starting from the beginning of the reference scan. The top of the tumor is imaged first, followed by the bulk of the tumor, and finally passing through the Petri dish support at the bottom of the tumor.
The typical voxel count of a fly-through data set is 200 ϫ 200 ϫ 200 ϭ 8 6 voxels, corresponding to a typical volume of 1 mm ϫ 1 mm ϫ 2.5 mm ϭ 2.5 mm ͞s. The voxel count is currently limited by the nonoptimized CCD handshaking with the acquisition computer. In principle, no computer acquisition is needed because this is a direct imaging approach and could be recorded directly to a conventional digital tape. The achievable rate with our current system when recorded directly is 1 ϫ 10 6 pixels per frame ϫ 200 frames per fly-through ϭ 200 ϫ 10 6 voxels in a 100-s total integration time. This would yield a voxel rate of 2 ϫ 10 6 voxels͞s. For comparison, a smart pixel OCT array has achieved 5 ϫ 10 6 voxels͞s. 9 However, an OCI rate five to ten times higher should be practical with additional improvements in holographic film quality and camera sensitivity.
Selected X,Y sections from a 600-m-diameter tumor T0508A-03 are shown in Fig. 6 , showing every fifth frame beginning at the top of the tumor on the upper left and proceeding past the middle of the tumor to the Petri reflection on the lower right. The top of the tumor is at frame 68 and the Petri dish is at frame 150. The tumor was chemically cross linked with gluteraldehyde, preventing cellular motion during the fly-through. The size of the individual frames is 175 pixels along X and 200 pixels along Y. The lateral scale is set by 5.2 m͞pixel at the sample. The shadow of the tumor can clearly be seen in the diffuse Petri dish reflection. The Fourier aperture in the optical system cuts off the specular reflection from the Petri dish that would otherwise saturate the film. The middle of the tumor is at frame 108 ͑approximately 300 m deep or 600 m of total path͒. The holograms are still strong at this depth, but weaken for deeper planes, disappearing around frame 140 ͑approximately 550 m deep or 1.1 mm of total path͒.
A selection of Y,Z ͑B-scan͒ sections is shown in Fig.  7 for the same 600-m tumor beginning at the side of the tumor and scanning through the tumor, showing every eighth frame starting at the top left and proceeding to the bottom right. The aspect ratio is not 1:1, giving the spheroid an oval appearance. The Petri dish reflection is on the right of each frame. The medial cross section is near frame 100. An enlargement of the medial frame at X ϭ 106 is shown in Fig. 8͑a͒ and is compared with an integrated projection in Fig. 8͑b͒ . The integrated projection is the sum of all B scans and provides a pseudotransillumination image of the full tumor. A medial X,Y cross section at a depth of 300 m from the top is shown in Fig. 8͑c͒ . It is clear from Fig. 8 that the strongest scattering occurs from the center of the tumor, which is statistically consistent with the results of histology. Medial cross sections from representative tumor spheroids are shown in Fig. 9 . Each image is autoscaled separately.
On the basis of these images, we estimate that we are able to penetrate nearly 550 m deep into the tumor along the center line, with a total tissue path of 1.1 mm. The momentum transport length in the tumor spheroids has been measured independently to be 80 m. We are therefore able to penetrate an optical thickness of approximately 14 mean free paths in this application. This is consistent with the best calibrated performance demonstrated previously for holographic OCI. 31 The holographic OCI B scan of the 600-mdiameter tumor spheroid is compared with an OCT B scan of a different tumor in Fig. 10 . The OCT system was a rapid-scan system at Case Western Reserve University in Cleveland, Ohio, that was Note the size and shape of the shadow on the back of the tumor and on the Petri dish reflection. ͑b͒ Integrated view produced by summation of the data volume along the x axis. This is equivalent to transillumination data. ͑c͒ Medial en face cross section at a depth of 300 m from the top of the tumor. optimized for voxel rate and resolution, but not sensitivity. The OCT data are presented on a pseudolinear scale for direct comparison with OCI. Both data sets share the same overall appearance, except for the image resolution, which is related to the different resolutions of the systems. Both show the shadow at the deep portions of the tumor, and both show stronger scattering from the center of the tumor. The superior spatial resolution and signal-tonoise ratio of the OCT B scan is evident, but the OCI image is a single section of an entire data volume. The spatial resolution difference is not fundamental, and improvements in OCI should approach the spatial resolution of OCT. Improvements in holographic film quality will in addition improve sensitivity and the signal-to-noise ratio.
A volumetric reconstruction of a 640-m-diameter tumor spheroid is shown in Fig. 11 ͑sample 0508.004͒. The shadow on the Petri dish is clearly visible beneath the tumor. The tumor consists of an outer shell of weak holographic speckle ͑seen as a dim halo surrounding the outside of the tumor͒, with larger and stronger holographic speckle occurring toward the center of the spheroid. This follows the structure observed in the histology of similar tumors discussed in Section 3.
B. Image Correlation Analysis
Autocorrelation measures the average feature size both laterally and longitudinally. The average autocorrelations for tumor T0508A-03 are shown in Fig.  12 . The lateral full width at half-maximum sizes are 45 and 50 m for the X and Y directions, respectively. We obtained the longitudinal speckle size by performing the autocorrelation analysis in the Y,Z sections. The Z autocorrelation width is found to be 30 m, which is consistent with the coherence length of the light source.
The lateral and longitudinal feature sizes of the holograms are consistent with the resolution of the optical system from which we can conclude that the dominant holographic features are primarily due to subresolution objects, i.e., a collection of scattering objects that have a size smaller than the optical resolution. Any long-range structure that would represent a specific structure internal to the tumor ͑such as extended necrotic voids with sizes larger than the resolution size of the imaging͒, if present, is much weaker and would appear as sidelobes in the autocorrelation traces. Therefore the tumor images observed in the holographic OCI data sets most likely arise from subresolution structural features ͑cell membranes, microcalcifications, nuclei, organelles͒. We currently see no strong evidence for the observation of a specific macroscopic structure inside the tumors. This conclusion must remain tentative until holographic OCI can be performed in microscopy with cellular resolution, which is the subject of future research. It is important to reiterate that the holograms are not composed of random speckle because of our use of the vibrating mirror in the reference arm Fig. 10 . Comparison between OCT and holographic OCI data sets. These are medial cross sections of different tumors. The OCT system was a rapid-scan system operating at a 1.3-mwavelength ͑courtesy of A. Rollins, Case Western University͒. The superior spatial resolution and signal-to-noise ratio of the OCT B scan is evident, but the OCI image is a single section of a data volume. The spatial resolution difference is not fundamental, and improvements in OCI should approach the spatial resolution of OCT. Improvements in holographic film quality will improve sensitivity and the signal-to-noise ratio. that time averages random speckle at the CCD camera.
The cross correlation between two data sets on the same tumor gives a measure of similarity. Conversely, by taking the cross correlation between two different tumors, we can obtain a measure of dissimilarity. Clearly, the similarity should be significantly greater between two identical tumors compared with two different tumors. Two integrated X,Y projections for the same chemically fixed tumor taken approximately 30 min apart are compared in Fig. 13 ͑top͒. A similar structure is apparent in both projections. Two consecutive flythroughs of a healthy tumor are shown in Fig. 13 ͑bottom͒. In this case, some similar structure is observed, but there are noticeable differences. Clearly, the state of health of the tumor ͑healthy compared with chemically cross-linked͒ is reflected in the repeatability observed in consecutive flythroughs. This observation is quantified in the data cross correlation for the two sets, shown in Fig. 14 . The cross correlation between the fly-throughs of the chemically fixed tumor shows a strong autocorrelation peak that approaches 90%, whereas the cross correlation of the fly-throughs of the healthy tumor show only a weak peak slightly above 60%. Finally, the cross correlation between two different tumors shows no peak at all above the 50% background. The broad background of the cross-correlation traces relates to the size of the tumor, which is the same in all three traces.
From this quantitative cross-correlation analysis, we can conclude that when the tumors are chemically fixed, they produce static specklelike holographic features with high stability and repeatability even over hours. The structure may arise from subresolution features in the tumor, but the structure is repeatable. This therefore represents an important test for the holographic technique when applied to tissue. However, for living tumors, the cellular and subcellular motility produces a constantly changing specklelike pattern arising from cellular motility ͑most likely motion of the cellular membranes͒. It is interesting to note that cellular and subcellular motion that manifest itself as dynamic ͑time-varying͒ speckle in this application becomes a cellular thermometer, providing cellular-scale information even though the spatial resolution is incapable of resolving individual cells. This may make it possible to holographically image over broad areas and still record information relevant to cellular processes.
C. Speckle Image Statistics: Comparison with Histology
As stated above, the image arises from subresolution structure in the sample. In the TEM images discussed in Section 2, the observed microcalcifications were typically smaller than the OCI imaging resolution ͑40 m͒ and therefore are not likely to be resolvable. To explore these aspects of the tumor holograms, we studied the statistics of the holographic feature brightness and compared them with the statistics obtained by histology on similar ͑al-though not identical͒ tumors.
To perform a statistical analysis on the speckle The cross-linked tumor shows an autocorrelation peak of 90%, whereas the healthy tumor ͑with dynamic speckle͒ shows a correlation of only 60% relative to a random 50% cross correlation between two dissimilar tumors.
brightness, we first compensate for the exponential extinction suffered by the coherent propagation of the light through the tumor tissue. We achieved this by multiplying the hologram brightness by an exponential function of the tissue path length with an effective extinction coefficient that balances the hologram brightness around the geometric center of the spheroid. After compensation, the hologram brightness is integrated within shells of increasing radius from the geometric center of the spheroid. From these we extract the average brightness of the holographic features as a function of tumor radius for a selection of tumor sizes. The results of this analysis for three tumors with diameters of 350, 625, and 750 m are shown in Fig. 15 . All tumors show stronger brightness toward the center of the tumor, with gradually decreasing intensity approaching the rim. Furthermore, the smallest tumor showed only weak holographic features, whereas the large tumor showed the brightest. These results may be a measure of the increased necrotic density toward the center of the tumor spheroids that is observed in histology on similar tumors. The outer shell of healthy osteoblasts present a mostly homogeneous medium with weak speckle arising from cell membranes and cell organelles. Inside the tumor, microcalcifications and necrotic voids present a strongly heterogeneous medium with strong scatter that is seen as increased brightness of internal features relative to surface features. Small spheroids with diameters of 300 -400 m have the fewest and weakest necroses. The statistical analysis of the speckle features from the tumor spheroids therefore agrees with the overall morphology of the tumor spheroids, but it remains to identify features that are larger then the system optical resolution that may represent an extended structure inside the tumors. This is the subject of future research.
Conclusion
We presented holographic images in reflection from coherence-gated depths within living tissue. All previous holographic recording of biological tissue has either been in transillumination or else without coherence gating in reflection. Holographic OCI therefore presents the first depth-resolved holograms of its kind to our knowledge. Our ability to record diffuse reflection holograms is a consequence of the high sensitivity of the PRQW devices. These devices exhibit the largest dynamic holographic sensitivity of any known material. The development of holographic OCI with these sensitive films provides a complementary imaging modality to OCT. Holographic imaging is direct, intrinsically en face; and fundamentally parallel in that it records multiple spatial modes simultaneously. Furthermore, the simultaneous acquisition of multiple spatial modes provides a means to record spatial phase coherences within tissue that is inaccessible to OCT.
Our chosen targets of multicellular tumor spheroids have the advantage of homogeneity and laboratory control over shape and size that are essential for parametric studies of a new imaging modality. However, the homogeneity of the spheroid tissue provides no clear large-scale morphology ͑tissue contrast͒ with which to perform comparative histology, at least for the current generation of experiments. Nonetheless, the strong statistical dependences of necrotic density observed in histology of these tumors matches closely the statistical dependences observed in the brightness of the recorded holographic features.
Future developments in holographic OCI include improvements in the holographic films to remove optical defects from fabrication and the implementation of Fourier-domain holography to allow us to directly observe spatially coherent phase within tissue. These improvements will extend the range and sensitivity of the technique, as well as demonstrate unique capabilities. 
